This paper presents a full-scale experience of sludge minimization by means of short contact time ozonation in a wastewater treatment plant (WWTP) mainly fed on textile wastewater. The WWTP performance over a 3-year operational data series was analysed and compared with a two-year operation with sludge ozonation. Lab-scale respirometric tests were also performed to characterize biomass activity upstream and downstream of the ozone contact reactor. Results suggest that sludge ozonation: (1) is capable of decreasing excess sludge production by 17%; (2) partially decreases both N removal, by lowering the denitrification capacity, and P removal, by reducing biomass synthesis; (3) increases the decay rate from the typical value of 0.62 d À1 to 1.3 d À1 ; (4) decreases the heterotrophic growth yield from the typical value of 0.67 to 0.58 gCOD/gCOD.
INTRODUCTION
Waste sludge produced by conventional activated sludge processes accounts for about 50% of the total operational costs of a wastewater treatment plant (WWTP), especially in regions where disposal of biosolids in agriculture is difficult, such as in densely populated areas. In these cases, the reduction of excess sludge is beneficial as it can decrease treatment, handling, and disposal costs (e.g. Ødegaard et al. ; Ødegaard ; Andreottola & Foladori ) . Ozonation of part of the sludge recycle stream is receiving growing attention (e.g. Ahn et al. ; Böhler & Siegrist ; Bougrier et al. ) . Economic evaluations (Paul et al. ) found that partial sludge ozonation will be economically viable at wastewater treatment plants without primary settling tanks and without anaerobic digestion of waste sludge, when sludge disposal costs are higher than 470 Euros per metric ton of dry solids. This figure is referred to ozone produced from gaseous oxygen at a total production cost of about 600 Euros per metric ton of ozone. Economic viability will be higher at wastewater treatment plants that already make use of ozone in tertiary treatments, such as disinfection, colour and surfactant removal, thus reducing the additional costs for sludge ozonation. This paper presents the results of a long-term (two years) campaign carried out at a large Italian WWTP (25,400 m 3 d À1 ; 12,500 kg d À1 influent COD load and 80% removal efficiency) treating mixed industrial (75% of the COD load, mainly textile) and urban wastewater, operating waste sludge minimization by means of a full-scale, plug-flow, short HRT ozone contactor. The average COD concentration is the result of the discharge from several processes that are present in the textile finishing industry (Mattioli et al. ) . In this case, the average influent COD concentration is about 500 mg L À1 , lower than typical literature values (up to 1,000 mg L À1 in European factories, e.g. Spanjers ) mainly because of the discharge of high volumes of wastewaters from washing baths and of rainwater contribution, as wastewater is collected by a combined sewer system.
After over one year's operation, the low-dosage partial sludge ozonation reduced excess sludge production by about 17% and turned out to be economically viable at sludge disposal costs of 250 Euros per metric ton of dry solids (or 62.5 Euros per metric ton of wet sludge at 25% dry solids).
Previous literature experiences pointed out that effects of low ozone doses on heterotrophic bacteria are negligible, especially when sludge flocs are compact and well structured (e.g. Dziurla et al. ; Paul & Debellefontaine ; Chu et al. ; Yan et al. ) . These data suggest that, when low dosages are applied in the sludge recycle stream, no relevant biomass inactivation is expected to occur, while solubilization of particulate organic matter may be the prevailing effect. However, most experimental works were conducted on completely stirred tank reactors operating at high hydraulic contact time (HRT). Other experiences (Böhler & Siegrist ; Vergine et al. ) report that ozonation reduced the activity of the autotrophic biomass. Others report improvements in the denitrification activity (Böhler & Siegrist ; Dytczak et al. ) . As these were all short-term experiences, very little is known about long-term effects. The main scope of this paper is to identify and quantify the long-term effects produced by ozonation on effluent quality, on excess sludge production and on both heterotrophic and autotrophic biomass.
METHODS

The WWTP layout and operational data
The biological treatment consists in an activated sludge process with a pre-denitrification step. A 20% fraction of the recycling stream is ozonated in a plug-flow contactor with a very low contact time (few seconds) with an ozone solubilization efficiency of more than 90%. As the contact reactor follows a plug-flow hydrodynamic pattern, the applied ozone dose was completely utilized and no residual at the outlet of the pipe carrying the ozonated sludge stream was detected.
The applied ozone dose in the sludge recycle stream varied from 0.8 to 2.5 gO 3 per kg of dry solids treated (30-50 gO 3 per kg of dry solids wasted before ozonation activation). The ozonated oxygen-rich stream is then pumped to the inlet of the aeration basin ( Figure 1 ).
Historical series of operational data with and without sludge ozonation were used to compute seasonal mass balances over the biological section. Composite, flowproportional daily analyses were available on routine parameters (COD, nitrogen compounds, phosphorus, and suspended solids). All routine analyses have been performed according to standard methods for the examination of water and wastewater (APHA et al. ). An average value was determined for each parameter in every season. These values were assumed as seasonal reference values, and for each average value its standard deviation was also calculated. Data referring to rain periods have been excluded. The control period was the two years immediately preceding the installation of the ozonation unit and spanned from January 2004 to May 2006. In May 2006, a first pilot ozonation unit was installed and operated discontinuously until March 2007. In September 2007, the full-scale ozonation plant was installed and operated until December at three quarters of its full potential, then reduced to half of its potential from January to September 2008, and again at three quarters of its full potential from September 2008 onward ( Figure 2 ).
The specific sludge production (Y obs ) was calculated on seasonal bases, as the ratio between the total solids production and the COD removed by the biological section. [m 3 d À1 ] ¼ influent flow rate, COD tot,in [kgCOD m À3 ] ¼ total COD concentration in the influent to the biological section, COD sol,e [kgCOD m À3 ] ¼ soluble COD concentration in the effluent to the biological section. Sludge production (P s , kgCOD d À1 ) was computed as follows:
The sludge age was computed as the ratio between the sludge production and the average mixed liquor suspended solids in the biological basins on a weekly basis.
Nitrogen mass balances were also computed. In particular, the denitrification capacity of the biological section of the WWTP was analysed. The overall denitrification capacity was computed as the difference between the influent and effluent N tot loads, considering the nitrogen uptake for heterotrophic growth. Then the maximum denitrifying capacity in the anoxic tank was computed by multiplying the nitrate concentration in the effluent and the mixed liquor recirculation rate (Q r -Q O3 in Figure 1 ). By computing the difference between the total and anoxic denitrification capacity, the aerobic one was assessed.
Respirometric tests
To assess ozone effects on the microbial community, the determinations listed in Table 1 were conducted.
Respirometric tests were conducted under aerobic conditions on both heterotrophic and autotrophic biomasses and were performed by means of a respirometric/titrimetric apparatus (MARTINA instrument, provided by SPES s.c.r.l., Fabriano, Ancona, Italy). All tests on heterotrophs were conducted by adding 10 mg L À1 of allylthiourea (ATU) in order to inhibit the respiration of autotrophic biomass. In respirometric tests, every oxygen uptake rate (OUR) measure was obtained by performing a linear interpolation of at least 10 oxygen data points with a coefficient of determination higher than 95%.
Denitrification tests were performed with a commonly used laboratory instrument (OxiTop Control ® WTW), a manometric device consisting of a measuring head that records the overpressure values in the bottle.
RESULTS AND DISCUSSION
Effects on process operation
Operational data series of the plant were studied to understand the macroscopic effects of sludge ozonation on excess sludge production and on the performance of the WWTP. After the ozonation start-up in 2006, the most evident effect was that biological foaming (due to hydrophobic filamentous organisms such as Nocardioforms and Microthrix Parvicella), which affected the plant since its origin, disappeared within a time span equivalent to the sludge retention time (SRT). As a consequence, average SVI decreased from 120 to 75 mL (gSS) À1 . This allowed to increase the mixed-liquor suspended solids (MLSS) in the activated sludge basins (from 4.4 to 5.5 gSS L À1 , Figure 3 ). The ratio MLVSS/MLSS varied between 75 and 80% with lower values registered at higher sludge retention times, as expected from the higher sludge mineralization potential. Consequently, the SRT increased from an average value of 18 days to as much as 30 ( Figure 4 ). This operational change is one factor that favoured the reduction of excess sludge production.
The observed sludge production yield (Y obs ) decreased from an average value of 0.435 during the control period to 0.36 kgCOD biomass (kgCOD substrate ) À1 during the ozonation period, corresponding to a 17% net reduction ( Figure 5 ).
Sludge ozonation did not affect COD removal capacity of the biological section. The difference between COD biological removal efficiencies before and during the operation of the sludge ozonation plant was less than 2% (COD removal efficiency before ozonation: ∼84%; during ozonation: ∼82%; both values were constant throughout the seasons). This suggests that the biological oxidation process of the plant removed most of the extra load of soluble COD produced by the sludge ozonation process.
As for the nitrogen removal, nitrogen forms' mass balances across the activated sludge section showed that: (i) before the installation of the sludge ozonation plant, simultaneous nitrification and denitrification occurred in the oxidation tanks; (ii) after the sludge ozonation plant installation, this phenomenon was almost fully suppressed. Figure 6 shows the relevance of simultaneous denitrification in the plant. Simultaneous denitrification was dramatically reduced during the stable use of ozonation (year 2008) by the substantial oxygen input in the aerobic basin from the ozonated sludge stream. On the contrary, anoxic denitrification was not significantly affected by ozonation. Suppression of the simultaneous denitrification in the aeration basin penalized the overall denitrification capacity, causing the reduction in the overall nitrogen removal efficiency of the plant from 58 to 46%.
Phosphorus removal efficiency remarkably decreased (from 70 down to 28%) mainly as a consequence of the reduced net biomass synthesis, which is the main mechanism of P removal. The overall phosphorus removal reduction is more relevant than the sludge production reduction, since P removal is only associated with the reduction in the rate of new biomass synthesis, while the unchanged load of inert particulate organic matter also contributes to sludge production. In order to recover the original nitrogen and phosphorus removal efficiencies, plant operators have planned to add biodegradable organic carbon in the denitrification section and to increase the dosage of coagulant to improve chemical phosphorus precipitation. The additional costs have been considered in the economic analysis reported in the introduction.
Effects on autotrophic and heterotrophic biomass
Respirometric tests allowed investigation of the effect of the implementation of short contact time ozonation on the stoichiometry and kinetics of the main biological processes. Nitrification activity was significantly affected shortly after the start-up of the ozonation treatment (Table 2) , with the specific ammonium oxidation rate (r AOB ) decreasing from approx. 2.0 to approx. 1.0 mgN (gVSS) À1 h À1 . Conversely, the specific nitrite oxidation rate (r NOB ) was not significantly affected.
Variations in specific nitrification rates are normal when dealing with full scale WWTPs since they are dependent on the nitrifiers' active fraction in the sludge, which in turn mainly depends on the nitrogen load and on the sludge age, both normally variable with time. However, the observed drop in the specific ammonium oxidation rate during the start-up appeared to be too fast to be related to the usual variations of the process operation. The reduction in the specific nitrification activity may also be caused by the presence of a toxicant or inhibiting compound, as these often occur in industrial effluents, namely from the textile finishing industry. Plant operators reported that oxygen levels in the aeration tanks increased two or threefold from usual average values when a toxic or inhibiting compound was found in the effluent. However, this never happened during the start-up of the ozonation plant. Moreover, the negative short-term effects of sludge ozonation on nitrification were reported by Böhler & Siegrist () and were confirmed in previous work on the same plant (Vergine et al. ) .
As the sludge age was sufficiently high to support a full nitrification process even under reduced net biomass growth rate, the effluent ammonium concentration did not significantly increase. No relevant differences were observed between specific nitrification rates measured on sludge samples taken from the inlet or outlet of the ozone contactor. This finding suggests that, after an acclimation period, the ozonation process did not cause significant short-term toxic effects on the nitrifying activity. Freshly ozonated sludge had, in general, an equal or slightly higher ammonification rate, due to the fact that ozone partly disrupts particulate organic nitrogen and makes it available for nitrification.
During ozone application, the maximum heterotrophic growth rate (μ H in Table 3 ) was found to be 4.5 d À1 (at 20 W C), for samples taken from either the inlet or the outlet of the ozone-contactor, slightly lower than the average values found in literature (6 d À1 ). On the other hand, the short contact time ozonation did not have a direct effect on the percentage of active biomass. As a matter of fact, specific OURs were measured on the same sludge, before and after ozonation. Negligible (±5%) differences were observed, confirming that the applied ozone dosage did not have any acute toxic effect on heterotrophic biomass as well.
The heterotrophic growth yield, Y H , was estimated through a model interpretation of respirometric tests performed on sludge taken from either the inlet or the outlet of the ozone contactor, and was found to be Y H ¼ 0.57 -0.58 kgCOD biomass (kgCOD substrate ) À1 . Measured Y H is lower than the typical values found in literature (Y H ¼ 0.67, ASM1). The lower values of Y H suggest that ozone favours the selection of a heterotrophic population with a lower growth efficiency, as more energy may be required for the synthesis of enzymes to protect the cells from the strong oxidizing action of ozone and/or to "repair" cell damages caused by ozone.
As for the heterotrophic decay process, the decay constant, b H , was found to be 1.3 d À1 (at 20 W C), higher than typical literature values (b H ¼ 0.62 d À1 , ASM1). No significant differences were found between measures on sludge samples taken from the inlet or outlet of the ozone contactor. This finding again suggests that ozone exposure does not cause acute toxicity but causes sub-lethal damages that increase the average decay rate of the biomass, contributing to the reduction of the observed sludge production. During this research, the active fraction of the heterotrophic biomass was measured and found to be as low as 4-8% of MLVSS. Such a low value is consistent with the above mentioned modifications in both the sludge age and the kinetic and stoichiometric parameters of the heterotrophic growth and decay processes.
Consistently, specific denitrification rates on acetate during ozone application were quite low (1.5 to 2.0 mgN gVSS À1 h À1 ) if compared with typical literature values (3 -4 mgN gVSS À1 h À1 , e.g. Henze ).
The calculated values of Y H , b H , and SRT could be used to compute the estimated reduction on the observed specific sludge production (Y obs ), according to the typical steadystate mass balance for the activated sludge treatment (Metcalf & Eddy ):
where f P ¼ fraction of inert particulate products from biomass decay; [COD] 0 ¼ total influent COD; [COD] s,e ¼ soluble effluent COD; [X i ] 0 ¼ influent inert particulate COD.
According to the average operational data for HRT, SRT, influent COD, effluent soluble COD, and biodegradable COD (the latter estimated to be around 69% of the total COD, as found in respirometric tests performed on the influent), the above equation predicts a decrease in the Y obs of about 9%. In particular, the enhanced b H contributes a fraction of 50% to the estimated Y obs decrease, while the increased SRT and the decreased Y H accounted for 28% and 22%, respectively. Nevertheless, the actual reduction observed was 17%. The difference can be attributed to the fact that ozonation may increase the degradability of the particulate organic matter trapped within the activated sludge flocs.
CONCLUSIONS
Full-scale sludge ozonation has been applied to a fraction of 20% of the recycle sludge flow at a WWTP mainly treating textile effluents. This led to a remarkable improvement of sludge settleability, which in turn allowed plant operators to maintain a higher MLSS concentration in the biological reactors with a correspondingly higher SRT. The excess sludge production was reduced by 17% after a one-year testing period.
However, oxygen that was carried by the ozonated flow into the aeration tank remarkably reduced the simultaneous nitrification-denitrification reactions, which usually occurred in the aerobic biological reactor before the ozonation process was installed. Therefore, the overall nitrogen removal efficiency decreased from 58 to 46%. Also, the removal efficiency of phosphorus dropped from 70% to as low as 28%, as a consequence of reduced biosynthesis.
Respirometric tests allowed the characterization of the biological processes. As for the heterotrophic biomass: the growth yield was lower (Y H ¼ 0.58 instead of 0.67), as well as the growth rate (μ H ¼ 4.5 instead of 6 d À1 ), while the decay rate was much higher (b H ¼ 1.3 instead of 0.62 d À1 ) than typical reference values. The observed variations in these parameters suggest that the ozonation treatment modified the overall metabolic behaviour of the biomass by reducing both the biomass growth yield and its net growth rate. Respirometric tests also show that low-dose and lowcontact time ozonation doesn't have direct toxic effects on both heterotrophic and autotrophic biomasses.
